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Abstract
The system of cold two-level atoms inside an optical lattice potential has been used to simulate
various models encountered in fundamental and condensed-matter physics. When the optical
lattice is periodically shaken, some interesting dynamical effects were observed. In this work, by
utilizing the ultra-narrow linewidth of the dipole-forbidden transition in 87Sr atoms loaded in a
shaken optical lattice, we reach a new operation regime where the shaking rate is much larger than
linewidth of the two-level transition but much smaller than the frequency interval of the harmonic
lattice potential, which was not realizable before. Under such unique conditions, an interesting
quantum dynamical effect, the high-order sideband effect (HSE), has been experimentally observed.
All the results can be well explained by a developed theoretical model with analytical solution. This
HSE is governed by different mechanism as the similar phenomenon observed in semiconductors
and has unique characteristics.
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Two-level atomic systems are the fundamental building blocks in physics [1]. Many
interesting physics phenomena arouse when such simple physical systems interact with elec-
tromagnetic fields or are placed in various external environments. A system with ultra-
cold two-level atoms loaded into a one-dimensional optical lattice potential formed by a
standing-wave field can be used to model many novel problems encountered in condensed-
matter physics.[2–7] When the optical lattice is modulated (or shaken) with a certain rate
by introducing a frequency difference or time-varying phase difference between the two laser
fields forming the standing-wave potential as commonly used, more interesting dynamical
processes could occur. [8–14] So far, all experimental works on two-level systems in shaken
optical lattices have been conducted in a regime where the lattice shaking rate could modify
the band structure of the lattice potential. Thus, the opposite regime, in which the lattice
shaking rate is small enough to avoid disturbing the energy structure of the lattice trap
potential but still much larger than the decay rate of the two-level system, should represent
an interesting research subject. However, the above conditions are difficult to fulfil experi-
mentally because the decay rates of most two-level atoms [15, 16] and solid-sate systems for
optical dipole-allowed transitions are typically large. In such a case it is impossible to keep
the lattice shaking rate to be larger than the decay rate of the two-level system but smaller
than the energy gap (level difference) of the optical lattice trap potential (on the order of
tens kHz).
In this Letter, we experimentally demonstrate a new system consisted of a shaken one-
dimensional optical lattice loaded with ultracold 87Sr atoms, which can work in the regime
of having the shaking rate being far lower than needed to change the energy structure but
much larger than the atomic decay rate to permit certain interesting dynamical processes.
By taking advantage of the ultralong lifetime of the selected dipole-forbidden transition in
the ultracold 87Sr atom, a perfect two-level atomic system with a measured linewidth as low
as 8.6× 2pi Hz can be realized. This two-level transition rate is far more narrower than the
best performances of semiconductor quantum dots and solid-sate systems [17, 18], as well
as atoms with optical dipole-allowed transitions. In this system, the optical lattice can be
shaken at a rate on the order of hundreds of Hz, which is much larger than the linewidth of
two-level systems (<10 Hz) but still small enough to avoid any effective coupling between
the energy levels of the lattice potential. Such a lattice shaking rate can protect the perfect
two-level system in the lattice and facilitate investigations of the novel dynamical behaviours
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of the two-level system in this new platform.
Using this platform with ideal two-level atoms inside the shaken periodic potential, we
have experimentally observed an interesting quantum dynamical phenomenon, i.e., a high-
order sideband effect of the two-level atomic transition. To observe a high-order sideband
effect, the atomic transition must be modulated with a strong ac field. Ingeniously configur-
ing the shaken optical lattice and the interacting lights, an equivalent ac field is introduced
to act on the internal transition of the two-level atoms by the Doppler effect resulting from
the external motion of the atoms in the moving lattice frame. Interestingly, the strength
of the effective ac field is determined by the modulation amplitude of the laser frequency
that forms the periodic potential in the experiment. The observed high-order sidebands
accompanying the otherwise single peak of the resonant transition expand the output spec-
trum with multiple peaks having the same frequency interval of shaking rate, which are
distributed symmetrically on both sides of the central resonance peak. When the modula-
tion amplitude is changed, the total number and the relative intensities of the sidebands also
change significantly. A theoretical model has been developed to describe this simple system
with an exact analytical solution that can well explain all the experimental observations.
Although similar high-order sideband generation (HSG) effect was theoretically proposed
[19, 20] and observed experimentally in semiconductors [21–23] recently, certain properties
that are easily observed in our current atomic experiment cannot be observed with the accel-
erated excitons in semiconductors. Also, to reach the required ac field strength for observing
such HSG effect in semiconductors, free electron laser was needed, which significantly limits
its applicability in more general systems. By comparison, large ac field strength can be
achieved simply by increasing the frequency modulation amplitude of our diode laser used
to form the optical lattice. The attainable stability, tunability, and measurement precision
in our atomic experiment are difficult to achieve in the solid-state counterparts because of
the large decay rates and strong required acceleration field. The ultra-narrow linewidth of
this perfect two-level atomic system and the easily-modulated periodic potential make the
current system be an ideal platform to further investigate many novel effects predicted with
this simple two-level atom inside a shaken optical lattice. For example, a quantum compu-
tation scheme was recently proposed in the shaken optical lattice system, [24] in which the
generated high-order sidebands could be used as a multiplexer to significantly increase the
computational capability.
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FIG. 1. HSE in the shaken optical lattice. (a) Schematic diagram of two-level atoms in the shaken
optical lattice. Both the frequency-modulated lattice light centered at 813 nm and the excitation
laser centered at 698 nm propagate along the same axis. The lattice light enters from left and is
reflected by the mirror to form the standing-wave periodic potential. The excitation laser beam is
injected from the right through the mirror. The length of the atomic sample is about 1 mm. The
distance between the formed optical lattice and the mirror is labelled as. (b) An illustration of
defined parameters for the frequency modulation of the lattice beam. (c) The measured linewidth
of the transition 1S0-
3P0 in the unshaken optical lattice is about 8.6 × 2pi Hz, with the excitation
power of about 150 nW. (d) The energy structure of cold atoms in the trapping optical lattice, which
consists of a series of equidistant levels in the approximate harmonic potential. The arrow denotes
the dipole forbidden transition 1S0-
3P0 in
87Sr. (e) The typical high-order sideband spectrum
measured with two-level atoms in the shaken optical lattice under the parameters: ωs is 300 × 2pi
Hz, ωa is about 2.7× 2pi GHz, the power of lattice light is 300 mW, and the power of excitation is
3 µW. The intensities of sidebands are normalized to the maximal peak. The sideband orders are
shown at the bottom with the corresponding frequencies in unit of 2pi kHz given on the top axis.
To prepare the system, we load the ultracold fermionic 87Sr atoms into the one-
dimensional optical lattice formed by an 813 nm light beam retro-reflecting itself from
a fixed mirror (Fig. 1a). The dipole-forbidden transition 1S0-
3P0 of the
87Sr atom [25, 26]
is chosen as the closed two-level system, which is excited by an excitation light around its
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resonant wavelength of 698 nm. The response of the system to the near-resonance exci-
tation is obtained by measuring the excitation fraction of the two-state system using the
normalized detection method [27]. The measured linewidth in the transition spectrum is
down to 8.6 × 2pi Hz (Fig. 1c). The standing-wave trapping field confines the atoms in a
periodic harmonic potential (Fig. 1d) with an energy level interval of ~ωp. The estimated
gap frequency ωp is 65 × 2pi kHz, which is obtained by employing the resolved sideband
spectroscopy of the transition in the unshaken optical lattice (see Supplementary Informa-
tion). Then, the optical lattice is shaken by frequency-modulating the standing-wave light
field as follows(Fig. 1b):
ω(t) = ωL + ωa sinωst. (1)
where ωL is the frequency of the 813 nm laser, ωa denotes the amplitude of the frequency
modulation, and ωs is the shaking rate. The potential function of the shaken optical lattice
is determined approximately by (see S.I.)
cos2
[
ωL
c
+
ωaL
c
sinωst
]
, (2)
where c is the vacuum speed of light. Due to the shaking, the optical lattice experiences a
time-dependent position shift of δx(t) = ωa
ωL
L sinωst in the laboratory frame, which means
that the atoms gain an additional velocity of v(t) = ωaωs
ωL
L cosωst in the moving optical lattice
frame. Since the shaking rate ωs (in tens or hundreds Hz in our experiment) is far smaller
than ωp, it will not bring effective coupling or modification to the different energy levels in
the lattice potential. However, the shaken optical lattice has an important influence on the
two-level atomic transition. To see it more clearly, we now consider the two-level transition
in the frame of moving optical lattice, where the potential is static and the atoms have a
velocity relative to the excitation laser beam as analyzed before. This velocity will induce a
frequency shift for the transition caused by the Doppler effect because the excitation light
propagates along the lattice shaking direction and the transition linewidth is very narrow.
Labelling the original two-level transition energy as ~ω0, the modified Hamiltonian of the
1S0-
3P0 transition is expressed as follows:
H(t) = ~ω0 + F cosωst, (3)
where F = α~ωs with α representing a dimensionless quantity given by α =
ωaω0L
ωLc
. Thus,
the system is constructed for driving two-level atoms by a time-dependent external field via
periodically shaking the optical lattice.
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If the transition is excited with photons having frequency ωe = ω0, then the high-order
sideband generation at frequency ωd is governed by the response function χ(ωd, ωe), which
predicts to have ωd = ω0+ nωs (n is an integer). In this experiment, we excite the two-level
transition with a varying photon frequency ωe, and then detect the fractional population of
the excited state [27] at the fixed frequency of ωd = ω0. It can be shown that χ(ω0, ω0 +
nωs) = χ(ω0 + nωs, ω0). We label the generated peak at ω0 + nωs as the n-th sideband on
the measured spectrum.
The high-order sideband effect can be observed in our system for the shaking rate ωs
ranging from 10 × 2pi to 500 × 2pi Hz with a modulation amplitude ωa on the order of
0.1 − 10 × 2pi GHz. Figure 1(e) shows a typical high-order sideband spectrum measured
with a shaking rate of ωs = 300× 2pi Hz, where at least 20 sidebands are clearly observed.
In theory, we can analytically solve Eq. (3) to obtain the relative strengths of the sideband
peaks as (see S.I.)
χ(ω0, ω0 + nωs) = 2piµ
2i3n+1
∫ +∞
0
ei(
nωs
2
+iγ2)τJn
(
2F
~ωs
sin
ωsτ
2
)
dτ. (4)
where Jn(· · · ) is the n-th order Bessel function of the first kind. It is easy to see that
the distribution of relative strengths on the sidebands is independent of the shaking rate
ωs. In another word, the sideband spectra have the same number and strength distribu-
tion of the sidebands for different shaking rates, although the sideband interval ωs changes
synchronously.
Figure 2 shows the high-order sideband spectra for different shaking rates (at 100× 2pi,
150×2pi, and 200×2pi Hz from top to bottom). The experimental results clearly verify that
the high-order sideband spectra are approximately equivalent when the value of ωa is fixed
and ωs is changed within a certain range. The interval between neighboring sideband peaks
actually changes with ωs. Since we have plotted the horizontal axis for each spectrum in
terms of the sideband orders, each spectrum actually has a different frequency scale in Fig.
2.
Figure 3 depicts the dependence of the strength distribution of the high-order sideband
peaks on the modulation amplitude ωa with a fixed shaking rate ωs for the optical lattice.
For each measured high-order sideband spectrum on the left column in Fig. 3 with a given ωa
value, a fitting value of α can be identified to reproduce the experimental data by plotting
the theoretical distribution function given in Eq. (4), as shown in the right column. A
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FIG. 2. The high-order sideband spectra for different shaking rates. The shaking rate ωs sets at
100×2pi, 150×2pi, and 200×2pi Hz, respectively. The modulation amplitude ωa is fixed at 1.3×2pi
GHz. Power of the excitation light is about 3 µW.
careful comparison of the strength distributions in the high-order sideband spectra shows
that the simple theoretical model with an analytical solution, as given in Eq. (4), can well
explain the experimentally observed data, even to a fine-detail level.
To better test the theoretical model quantitatively, a careful comparison is performed
between the theoretically determined parameter results of α and the experimentally fitted
values at different scanning rates. Since α = ωaω0L
ωLc
is given by the theory and all other
parameters can be determined independently, the linear dependence of α on ωa can be
established, as drawn by the red line in Fig. 4. The fitting values by best reproducing the
experimental spectra, as represented by examples shown in Fig. 3, are also marked in Fig. 4,
including two sets of results under different shaking rates. Such perfect consistency clearly
indicates that our experimental setup is indeed an ideal model system with perfect two-level
atoms inside a shaken optical lattice. This system works in the unique parametric regime
of having the shaking rate to be far smaller than the energy gap of the harmonic trapping
potential but still much larger than the linewidth of the two-level system, which is ideal to
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FIG. 3. Quantitative comparisons of high-order sideband spectra for different modulation ampli-
tudes between the experimental data and the theoretical results. For the experimental data (left
column), the parameter ωa is taken to be 0.42 × 2pi, 0.64 × 2pi, and 1.08 × 2pi GHz from top to
bottom, respectively. While for the theoretical plots (right column), the corresponding fitting pa-
rameter α takes the values of 3.3, 4.85, and 8.23, respectively. The shaking rate ωs is set to be
50× 2pi Hz. In the theoretical calculations, a decay rate of γ2 for the two-level transition is used.
study various quantum dynamical behaviors, such as the high-order sideband effect shown
above.
Similar high-order sideband generations (HSG) in semiconductors were reported recently
in the semiconductor quantum wells [21], bulk GaAs [22], and tungsten diselenide [23]. The
physical mechanism underlying the HSG observed in semiconductors is quite different from
that governing our current two-level atomic system. In those semiconductor systems, the
excitons are first excited, which then absorb energy as they are accelerated by an external
terahertz field and finally generate the high-order sidebands of the original excitation.[20, 28]
Because of the inevitable scattering, the excitonic decay rate approaches an order close to
the terahertz level, and the frequency of the periodic field must be larger than this decay
rate to clearly observe the HSG effect. Theories in [20, 28, 29] show that the terahertz field
strength must reach the order of 1 − 10 kV/cm, which means a free electron laser has to
be employed. However, the high-order sideband effect can be easily observed in our system
primarily because the linewidth achieved in the dipole-forbidden transition of 87Sr atom is
8
0.2 0.4 0.6 0.8 1.0 1.2 1.4
2
4
6
8
10
 s=50 2  Hz
 s=100 2  Hz
 Theoretical relation
a  (2  GHz)
FIG. 4. Comparison of the parameter α between the theoretical expression and the fitting values
from the experimentally measured spectra. The theoretical relation between α and ωa is drawn in
(red) line, in which the length L is taken to be 0.31 m. The fitting values of α are obtained by
requiring the best matches of the theoretical and experimental spectra, as shown in Fig. 3. The
(blue) squares represent the values from the spectra measured when ωs is 50× 2pi Hz, and (green)
diamonds are the ones when ωs is 100× 2pi Hz.
so narrow that it permits the shaking rate to be on the order of 100 Hz while still satisfying
the condition of ωs ≫ γ2. In such case, the effective ac field strength required for the
observation of high-order sidebands is determined by the modulation amplitude, which is
easily accessible in the experiment with a low power diode laser. Meanwhile the relatively
low shaking rate of the lattice field does not disturb the energy structure of the harmonic
trapping potential (with ωs ≪ ωp). Such shaken optical lattice introduces a Doppler effect
relative to the excitation laser beam for the two-level atomic transition, which provides the
required ac field to generate the high-order sideband effect. This is quite different from the
mechanism of accelerating excitons in an external field for semiconductors. Furthermore,
since two-level atoms do not have the energy dispersion as the excitons do in semiconductors,
our current system exhibits new features in the sideband spectrum.
In general, the observed high-order sideband spectra in the system of two-level atoms
inside a shaken optical lattice have the following distinct characteristics: (1) The HSE fea-
tures a series of discrete and equidistant sideband peaks with the same frequency interval
of ωs, which follows the requirement of energy conservation for the involved photons. (2)
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Both even- and odd-order sideband peaks occur in each spectrum, which is a unique feature
of the high-order sideband effect in the dispersion-less system, while only even-order side-
band peaks observed in semiconductors because of the symmetry in the momentum space
(contributions from momenta k and −k would cancel each other out[20, 28] for odd-order
sidebands). (3) In the current atomic system, the high-order sideband spectrum presents a
symmetrical order, i.e., the n-th and -n-th order sidebands have the same intensity weight.
In semiconductors, the strengths of the negative-order sidebands decay more rapidly than
the positive-order sidebands as the sideband number increases; therefore, only a few sideband
peaks can be observed.
Using the selected dipole-forbidden transition in 87Sr atoms loaded inside a shaken optical
lattice, we have realized an ideal model system with perfect two-level atoms driven by a
time-dependent periodic field, and observed the interesting high-order sideband effect which
began to draw attentions in semiconductors recently. The shaken optical lattice introduces
an effective ac field to act on the two-level atoms through the Doppler effect, but still
keeps the energy structure of the lattice potential unchanged. High-order sideband peaks
up to at least 20 orders have been experimentally observed when the modulation amplitude
for the lattice field increases to a certain value. Several new features appear in this new
model system with two-level atoms in the shaken optical lattice as compared to the HSG
seen in semiconductors. The experimentally observed phenomena can be well explained
by the exact analytical solution of our theory. The use of the dipole-forbidden transition
with an ultra-narrow linewidth to form an ideal closed two-level system allows us to access
new operating regimes in the arena of atoms in shaken optical lattices and they can be
used to simulate dynamics of condensed-matter physics systems and lead to exciting new
discoveries. Actually, by selecting different two-level transitions in the atoms (varying the
atomic decay rate γ2) and tuning the shaking rate (ωs), as well as the modulation amplitude
(ωa), one can investigate broad parametric regions for this model system and explore many
interesting quantum dynamical effects. The observed high-order sidebands can expand the
single-frequency quantum bit, as proposed for a two-level system inside a shaken optical
lattice, into a multiplexer [24], which would significantly increase its potential applications
in quantum computation.
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